Radiostereometric analysis (RSA) was originally developed as a method for performing highly accurate three-dimensional measurements in vivo over time from sequential radiographs. Since its introduction over twenty years ago, the RSA method has proven itself as a powerful tool with numerous orthopaedic applications. RSA has been used extensively in studies of prosthetic fixation and has been shown to be the method of choice for these studies. RSA has, however, also been successfully applied to a limited number of studies examining fracture healing, namely in fractures of the radius, ankle, tibial plateau, trochanter and femoral neck, as well as studies of bone healing following spinal fusion and tibial osteotomies. RSA follow-up of a fracture will provide definitive demonstration of the exact time of union, i.e. the achievement of fracture stability. This information can be invaluable in randomized clinical trials of fracture treatment. Phantom model studies have proven useful for effective preoperative planning and interpretation of RSA results. The RSA method is a highly accurate, precise and safe objective method for studying fracture healing in clinical trials. The RSA method may serve as a scientific tool to accurately evaluate the significance of supporting novel biomaterials for the early stability and the rate of healing in fractures.
INTRODUCTION
Radiostereometric analysis (RSA), also known as roentgen stereophotogrammetric analysis, was originally developed by Selvik as a method for performing highly accurate three-dimensional measurements in vivo over time using sequential radiographs (1). Since its introduction over twenty years ago, the RSA method has proven itself as a powerful tool with nu-merous orthopaedic applications (2) ranging from skeletal kinematic studies (3, 4) to the assessment of total joint replacement implant stability (5, 6). RSA has been applied not only in orthopaedic research and practice, but also to study problems in plastic surgery and odontology (7, 8), pediatrics (9), anaesthesiology (10) , rheumatology (11) , neurosurgery (12) , and oncology (13) . In this review we discuss the use of RSA in monitoring of fracture healing in randomized prospective clinical trials.
RADIOSTEREOMETRIC ANALYSIS
The RSA method allows very accurate measurement of three-dimensional displacements of body parts or implants in vivo (1). The method has been described extensively (1, 2). It is based on implantation of metallic landmarks (tantalum beads) into the body segments to be studied (Fig. 1A) . Dual simultaneous radiographs are used in association with a calibration cage ( Fig. 1B and 1C ). The calibration cage contains a number of tantalum beads which are held in fixed, well-defined positions enabling the construction of a three-dimensional coordinate system. The body part to be studied is either placed inside or in front of the calibration cage depending on its size. A pair of radiographs is then used to determine the location of the markers three-dimensionally (Fig. 1D ), and this allows the calculation of relative displacements between different segments using special software. The RSA method enables highly accurate measurement of both translation and rotation in three dimensions (14, 15, 16) . 
RSA IN CLINICAL TRIALS STUDYING BONE HEALING
In orthopaedics, RSA has been used extensively in studies of prosthetic fixation and has been shown to be the method of choice for these studies (5, 6, [17] [18] [19] [20] [21] [22] [23] . RSA has, however, also been successfully applied to studies of several types of fracture healing as well as healing after fusions of the spine and osteotomies of the tibia and pelvis.
DISTAL RADIUS FRACTURES
In a randomized study, Kopylov et al. (24) used RSA to compare distal radius fracture healing in 23 osteoporotic patients. The study compared the use of dorsal splint immobilization associated with the use of a self-setting hydroxyapatite, Norian SRS, to external fixation. By examining the micromotion in the fracture system the study revealed that 5 weeks of immobilization is sufficient for healing with external fixation in the age group studied. The study also suggested that the immobilization time might be reduced to 2 weeks for fractures treated with Norian SRS, but additional hardware is needed to ensure the stability of the fracture system. The study showed that micromotion along the longitudinal axis during the immobilization period varied from 1.5 to 2.6 mm (Table 1) .
FEMORAL NECK FRACTURES
Ragnarsson and co-workers used RSA as a tool in several studies of femoral neck fractures (25) (26) (27) (28) . In one study (25) the spontaneous compression of femoral neck fractures was recorded between operation and mobilization of the patients, and found an average movement of 3.7 mm in displaced fractures, corresponding to about one third of the total fracture movements during the first postoperative month. In another study the connection between instability and femoral head vitality in fractures of the femoral neck were examined (26) . It was observed that absence of micromotion six months after fracture implied uncomplicated healing, whereas fracture stabilization at 9 to 12 months postfracture was associated with femoral head necrosis or delayed union in four of six cases.
Mattsson et al. used RSA to examine the stability of internally fixed femoral neck fractures augmented with resorbable cement (29) . The study found that augmentation with calcium phosphate cement improved the stability of internally fixed femoral neck fractures during the first six weeks after surgery. The improvement in stability was found to be less pronounced at six weeks compared with at one week.
TROCHANTERIC FRACTURES
RSA was also used by Mattsson et al. (30) to determine whether augmentation with resorbable calcium-phosphate cement could improve fracture sta-bility in unstable trochanteric fractures as previously shown in biomechanical studies. The study compared fracture fixation with either a sliding screw device alone or the same device combined with calcium-phosphate cement for augmentation. Augmentation with calcium-phosphate cement was shown to improve fracture stability (Fig. 2) . The improvement was most pronounced for lateral and distal migration as well as varus angulation of the head and neck fragment. The results showed that translation of the femoral head and neck fragment in the distal direction varied from 6-12 mm at 6 months follow-up ( Fig. 2C ).
TIBIAL PLATEAU FRACTURES
RSA was used by Ryd and co-workers (31) to study the stability of the elevated fragment in tibial plateau fractures. Five cases of fractures of the lateral tibial condyle of the split depression type were treated by elevating the depressed fragment, bone grafting and internal fixation. During the procedure, tantalum markers were inserted into the depressed fragment and the tibial metaphysis. Plaster cast immobilization was used postoperatively for one month and weight bearing was not allowed for three months. The results showed that in three cases, a depression of the elevated fragment, at the most 2.8 mm, recurred during the first postoperative month. This was not considered to be significant and suggested a more aggressive postoperative mobilization scheme.
Larsson et al. studied the use of calcium phosphate cement in the augmentation of tibial plateau fractures (32) . Conventional metal fixation was used to fix the fracture following elevation of the articular fragment. The subchondral void was filled with either injectable calcium-phosphate cement (Norian SRS, Synthes) or conventional iliac bone graft according to randomization. Radiostereometry was used to study the stability during healing. The results showed that injectable calcium-phosphate cement provided a more stable fixation of the elevated articular fragment when compared with conventional bone graft, even though cement augmented patients were allowed earlier weight bearing.
TABLE 1
The results of a study in which RSA was used to study radial fracture displacement during treatment for two treatment methods (Ref. 24) . The micromotion during the immobilization period is displayed for the different axes. In the external fixation group the immobilization period was 5 weeks and in the Norian SRS group the immobilization period was two weeks in a short arm dorsal splint. Results of displacement presented as means ± standard deviations. duction and internal fixation using pins, wires, and staples. The studies also showed that at 18 months of fracture follow-up, supination injuries proved to be more stable than pronation ankle fractures (36) .
Type of fixation

VERTEBRAL FUSION
RSA has been used to study the loss of correction after Harrington fusion of structural scoliosis (37) . In posterolateral fusions (38) , it was observed that vertebral motions did not decrease until 5-6 months after successful operations. This suggested that solid fusion is not necessary for pain relief (37) (38) (39) (40) . Johnsson and co-workers used RSA to compare osteogenic protein-1 (BMP-7) and autogenous bone graft in lumbar fusion (41) . The osteogenic protein-1 did not Results presented as means ± standard deviations at three time points of healing.
ANKLE FRACTURES
Ahl et al. compared the use of polyglycolic acid screws to the use of rods in the fixation of 32 selected displaced supination-eversion ankle fractures (33) .
RSA was used to study the movements in the ankle mortise during fracture healing. RSA showed that a better stability was achieved by using screws. After 6 months, however, the clinical results did not differ. The results were also compared to those obtained using a nondegradable osteosynthesis technique. RSA showed better fracture stability with nondegradable fixation. The clinical results, however, did not differ. In randomized studies, Ahl et al. (34, 35) observed that early weight bearing did not compromise the stability of malleolar fractures treated with open re- (42) . The patients were studied with radiostereometry and clinically with visual analogue scores (VAS) for arm and neck pain. The use of an anterior plate appeared to prevent rotational deformation, without changing the clinical outcome or fusion rate. OSTEOTOMIES Tjörnstrand and co-workers measured the correction obtained after high tibial osteotomy for knee osteoarthritis by means of RSA, and found a postoperative loss of correction of up to 3-4˚ (43) . Comparison with conventional radiography showed a sufficient accuracy of the latter when angular deviations were measured in the frontal plane. Another similar study by Pape et al. examined fixation stability following high tibial osteotomy (44) . The study revealed that osteotomies in which larger wedge sizes were used (> 8˚) resulted in a 1.3-mm increase in lateral displacement of the distal tibial segment within 3 weeks following surgery ( Table 2 ). The study also showed that most of the displacement took place in the first three weeks following surgery and ranged from 2.6 mm to 3.2 mm in the cranial direction (Table 2) . Hansson et al. used RSA to evaluate the changes of the acetabular position after innominate osteotomy for hip dysplasia (45) . The study showed rotations up to 32˚and mainly craniodorsal translations of the acetabulum.
THE ACCURACY AND PRECISION OF RSA
Two critical properties of any measurement system are accuracy and precision. Accuracy is defined as the closeness of agreement between a test result and an accepted reference value and precision is defined as the closeness of agreement between repeated independent test results obtained under stipulated conditions (46) . The determination of the accuracy of RSA has previously been done using test-retest investigations. In the absence of a gold standard, this is the only acceptable method (47) . Test-retest evaluations performed under conditions of no true motion have been used to mimic a gold standard in many RSA studies (48) . When a measurement technique has no systematic errors, the accuracy and precision of a method are considered congruent. Hence, the standard deviation of the differences of repeated measurements will give a measure of both its precision and accuracy. In recent studies however (14-17, 49, 50), micrometers have been used to obtain a true highly accurate gold standard. The accuracy of RSA can then be calculated by comparing the RSA results to those of the gold standard.
The accuracy of RSA has been evaluated using micrometers in several in vitro studies ( Table 3 ). The accuracy of translation and rotation has been shown to vary between 6-250 µ m and 0.02-0.19°, respectively. In vitro studies have also been used to determine the precision of RSA. This has been shown to vary from 2 µ m to 123 µ m and from 0.01°to 0.35°for translation and rotation, respectively. The levels of accuracy and precision obtained in these in vitro studies correspond to values that would be obtained under ideal conditions. In the clinical setting of hip arthroplasty, precision has been shown to vary between 0.15-0.6 mm for translations and between 0.3-2˚for measurements of rotation (17) (Table 4 ).
Madanat et al. carried out a phantom study of a fracture of the distal radius in order to determine the accuracy and precision of RSA under optimal laboratory conditions (14) . The results showed that under ideal conditions translations from 25 µ m to 5 mm can be measured with an accuracy of ± 6 µ m and translations of 200 µ m can be measured with a precision of 2-6 µ m. The results of the study also showed that rotations from 1/6°to 2°can be measured with an accuracy of ± 0.073°and rotations of 1/2°can be measured with a precision of 0.025°to 0.096°. The higher accuracy of the results was attributed to the use of digital measurements as well as a biplanar radiographic setup.
THE ROLE OF PHANTOM STUDIES
RSA is considered the method of choice for various orthopaedic measurements due to its high accuracy and precision. However, there are many variables, a Accuracy calculated as the 95% prediction intervals from regression analyses between the measured and actual displacements. b Accuracy calculated as a sum of bias and repeatability (confidence level 95%). c Accuracy calculated using an analysis of variance (confidence level 95%). d Accuracy calculated as the mean difference between the two measurement methods used, namely radiostereometry and a coordinate measurement machine (standard deviation 40-214 µ m and 0.04-0.3˚). e THR = total hip replacement. which can affect the outcomes of a RSA study. These include radiographic technique, bead number and placement as well as image analysis. Phantom models have been used by several authors to evaluate the significance of such variables on both the accuracy and precision of the method (14-17, 49, 50) . These studies are vital for the successful planning of clini-cal studies, in the interpretation of the results and hence in drawing appropriate conclusions from the studies.
One of the shortcomings of using phantom models is the inability to mimic complex 3-D motion that may occur during a fracture such as multiple combinations of rotation and translation in three orthogo-nal axes. The models can often be used to mimic the most significant components of this 3-D motion and examine each of them separately or in simple combinations. Another limitation of such models is that they cannot be directly applied to more complex fractures where multiple fragments are involved. Comminuted fractures place limitations to the effective number of markers that can be inserted into fracture fragments. The results of previous phantom studies do, however, suggest that it may be possible to calculate motion of very small bone fragments accurately provided that marker placement is successful.
DISCUSSION
Radiostereometric analysis has been used for over 20 years in numerous clinical trials and has been shown to be an accurate, precise and safe method for objectively studying skeletal kinematics. The method has the capacity to evaluate highly accurate measurements of fracture micromotion but has only been used in a limited number of studies. One of the reasons for this is the limited availability of centers equipped for such studies. Without doubt, the method brings several potential rewards if applied in randomized clinical trials of fracture healing. The RSA method can provide some insight on the overall global three-dimensional motion of fractures before union under different fixation modalities. This data may provide the means to perform a detailed analysis of the factors that lead to loss of reduction during immobilization.
Based on RSA measurements, micromotion during the healing of fractures of the distal radius and tibial osteotomies varies, on average, between 1.5-3.2 mm. In trochanteric fractures, displacements are significantly higher ranging from 6 mm to 12 mm. Micromotion of femoral stems in total hip arthroplasty seems to be considerably smaller ranging from 0.05 mm to 1.3 mm (Table 5 ).
It is likely that the majority of micromotion occurring in various fractures remains unrecognized on conventional plain radiography. In rare cases, it is even possible that fracture micromotion retards fracture union without notably affecting fracture reduction. The RSA method may serve as an invaluable predictor of compromised union. Above all, the RSA follow-up of a specific fracture will provide definitive demonstration of the exact time of union i.e. the achievement of fracture stability. It is fairly difficult to estimate the time of fracture union by means of plain X-rays and physical examination. Gradual decrease of micromotion occurring during the progress of healing, as proved by RSA, will give us a definitive proof of early fracture union. Using phantom models to plan and test new studies allows us to maximize the potential benefits of the RSA followup enabling us to better compare different fracture treatment modalities in randomized prospective clinical trials. Although phantom models have several advantages, the limitations have to be acknowledged. The RSA method may serve as a scientific tool to accurately evaluate the significance of supporting novel biomaterials for the early stability and the rate of healing in fractures. The information will provide us with more concrete and tailored guidelines for individualized fracture treatments according to the inherent stability of each fracture. Results of a study comparing the micromotion of three types of femoral stems in total hip arthroplasty (Ref. 53) . Rotation and migration of the tip of the prosthesis at the two-year follow-up evaluation are shown. Results presented as medians with ranges in parentheses. 
Type of prosthesis
